Chromosome counts are reported in 29 populations representing 20 species and one subspecies of the genera Callicephalus (one sp.), Klasea (seven spp.), Myopordon (two spp.), Oligochaeta (one sp.), and Rhaponticum (nine spp., one ssp.). Eleven reports are new, the others supplement limited previous data. New and published cytological data are summarized and evaluated critically in light of current taxonomic treatments and evolutionary hypotheses. Basic chromosome numbers are a valuable source of taxonomic information and relate well to the phylogeny. They are quite conserved in Klasea (only x = 15), the sister group of the remaining genera, and in the early branching genera of the Rhaponticum group ( x = 14 for Centaurothamnus and Callicephalus ). However, a more complex pattern of genome evolution is present among the more derived clades, Oligochaeta plus Myopordon ( x = 12, 14) and the genus Rhaponticum ( x = 12, 13). The occurrence of x = 12 in Oligochaeta divaricata and Rhaponticum carthamoides seems to be the result of a recent event of chromosome fusion, as suggested by the fragility of particularly long pairs of chromosomes. The use of chromomycin staining, including an enzymatic digestion step that facilitates spreading and permits a reduction of potential fragmentation, only partially resolves this problem.
INTRODUCTION
Rhaponticum Vaill. and the related genera Callicephalus C.A.Mey., Centaurothamnus Wagenitz & Dittrich, Myopordon Boiss., Ochrocephala Dittrich, and Oligochaeta (DC.) K.Koch comprise a natural group of c . 40 species ranged among the early branching taxa of the Asteraceae, Cardueae-Centaureinae . Recent phylogenetic reconstructions based on molecular data have considerably modified the generic delimitation of the group (Garcia-Jacas et al ., 2001; Hidalgo et al ., 2006; Susanna et al ., 2006) . The Rhaponticum group first included the genera Acroptilon Cass., Leuzea DC., and Rhaponticum (Dittrich, 1977) , three taxa that are currently considered as synonyms of Rhaponticum . Such a delimitation leads to strong character homogeneity, especially from a karyological point of view. Despite the fact that previous chromosome counts of Acroptilon , Leuzea , and Rhaponticum representatives are incomplete, always isolated and often doubtful, they show mainly 2 n = 26 chromosomes (Guinochet, 1957) . The recent enlargement of the group has included genera of unknown chromosome number, such as Myopordon and Ochrocephala , together with genera for which previous chromosome counts are already available, and Centaurothamnus show 2 n = 28 (Wagenitz, Dittrich & Damboldt, 1982 for Centaurothamnus ; Chouksanova, Sveshnikova & Alexandrova, 1968; Hellwig, 1994; Garcia-Jacas et al ., 1998b for Callicephalus ), whereas Oligochaeta exhibits 2 n = 24 or 28 chromosomes. All the counts of Oligochaeta ramosa (Roxb.) Wagenitz report 2 n = 28 (Bhandari & Singhir, 1977; Gupta & Gill, 1981 , 1983 , 1984 , 1989 Razaq, Vahidy & Ali, 1994) . Those of Oligochaeta divaricata (Fisch. & C.A. Mey.) K.Koch are not uniform: 2 n = 24 (Tonjan, 1968 (Tonjan, , 1980 Avetisian & Tonjan, 1975; Ghaffari, 1999) or 2 n = 28 (Garcia-Jacas et al ., 1998b) . Furthermore, molecular data have defined the genus Klasea Cass. as closely related to the Rhaponticum group . Klasea exhibits x = 15, with many ploidy levels leading to 2 n = 30, 60, and 90 (Löve & Löve, 1961; Cantó, 1982 Cantó, , 1984 Cantó, , 1985 Garcia-Jacas, Susanna & Mozaffarian, 1998a; Garcia-Jacas et al ., 1998b) . This diversity in chromosome counts, as a consequence of the generic re-delimitation of the Rhaponticum group, makes the group an interesting subject for evolutionary studies based on karyological data. Cytological data are of great importance in the study of plant evolution and diversification (Levin, 2002) , and have been successfully used in studies of several groups of the subtribe Centaureinae (Garcia-Jacas, Susanna & Ilarslan, 1996; Vilatersana et al ., 2000) .
The aims of this first karyological study focused on Rhaponticum and its relatives were: (1) to verify or establish the chromosome numbers of several representatives of the genera belonging to the re-defined Rhaponticum group and the genus Klasea ; (2) to establish the main processes of karyological evolution in our focus of study; (3) to discuss the results on a phylogenetic basis in order to infer where changes in basic chromosome numbers took place in the course of the evolutionary history of Rhaponticum and its relatives.
MATERIAL AND METHODS P LANT MATERIAL
The studied plants came from germinated achenes, either collected in the field or obtained from botanical gardens. The sampling was carried out on the basis of our earlier molecular work . The origin of the samples and voucher information are given in Table 1. C HROMOSOME PREPARATION Root tip meristems were obtained either by germinating achenes on wet filter paper in Petri dishes at room temperature, or from plants cultivated in pots in a greenhouse. They were pretreated with 0.002 M 8-hydroxyquinoline for 3 h at 16 ° C. The material was fixed in 3 : 1 v/v absolute ethanol : glacial acetic acid for 24-48 h at − 4 ° C, and stored in 70% ethanol at − 20 ° C. CHROMOSOME NUMBER ASSESSMENT Meristems were hydrolysed in 1 N HCl for 12 min at 60 °C, and stained in Schiff 's reagent for 30 min in the dark. Squashes were made in acetocarmine. Preparations were made permanent by freezing, ethanoldehydrating, and mounting in Euparal. Metaphase plates were photographed with a Lock Focus JVC colour video KY-F50 camera.
Some of the metaphase plates obtained showed telocentric chromosomes, which are not usual. To ensure that they were not a product of chromosome fragmentation, we used chromomycin staining, a technique that includes an enzymatic digestion step, which facilitates the spreading of chromosomes and minimizes fragmentation.
CHROMOMYCIN A 3 BANDING Samples were washed in citrate buffer (0.01 M citric acid-sodium citrate, pH = 4.6) for 10 min at room temperature, and incubated at 37 °C for 20-40 min in an enzyme mixture (4% cellulase Onozuka R10, 1% pectolyase Y23, and 4% hemicellulase) diluted to 50% in citrate buffer. For Oligochaeta divaricata, meristems were spread in a drop of 45% acetic acid. Coverslips were removed following the technique of Conger & Fairchild (1953) , and slides were air dried for 24 h. In the case of Rhaponticum carthamoides (Willd.) Iljin, after enzymatic treatment, meristems were centrifuged for 5 min at 1400 g, twice in buffer, and once in fresh fixative (3 : 1 absolute ethanol : glacial acetic acid). The pellet was re-suspended in 50 µl of fixative, dropped on to clean slides and air dried. The banding was performed following the procedure of Schweizer (1976) , with slight modifications according to Cerbah et al. (1995) . Chromosome plates were observed with an epifluorescence microscope with Zeiss excitation and emission filter set 07. Fluorescent signals were analysed using a highly sensitive CCD camera and image analyser.
RESULTS AND DISCUSSION
The origin of the material, the results of the new chromosome counts, and previous data for the corresponding taxa are shown in Table 1 .
DYSPLOIDY VS. POLYPLOIDY: REPRESENTATION OF THESE TWO MAIN STRATEGIES
One evident outcome of this study is that the representatives of the Rhaponticum group show various basic chromosome numbers (x = 14, 13, and 12), but all the species are diploid (or more precisely ancient polyploids that have completed diploidization; Stebbins, 1971) , whereas species of the genus Klasea have a Guinochet (1957) constant basic number of x = 15 and exhibit various ploidy levels. In the case of Rhaponticum and related genera, not all the basic numbers of its strong dysploid series are represented equally. Although x = 14 and 13 are common (Centaurothamnus, Callicephalus, Myopordon, and Oligochaeta ramosa have x = 14, whereas most of the Rhaponticum species show x = 13), only two species, Oligochaeta divaricata and Rhaponticum carthamoides, have x = 12. Oligochaeta divaricata presents chromosomes that are considerably larger than the others and displays centromeric fragility, indicating that chromosomal fusions (symploidy) could have taken place (Clark & Wall, 1996) . The chromomycin staining has enabled the manifestation of this phenomenon, especially for a chromomycin marked chromosome pair (Figs 14, 15) , whereas orcein or Feulgen staining used for the same material always lead to the observation of 28 'chromosomes' or chromosome fragments (Garcia-Jacas et al., 1998b; Fig. 13 ). However, the finding of x = 12 is consistent with previous counts of Oligochaeta divaricata (Table 1 ). In the case of Rhaponticum carthamoides, both Feulgen and chromomycin staining lead to variable results of 2n = 24 (Fig. 17), 25 (Fig. 18 ) and 26. Our result of x = 12 agrees with most of the previous reports ( 14 14 (Krogulevich, 1978) and R. orientale Serg. (Murín, 1997) . Previous reports of n = 13 and 2n = 26 (Rostovtseva, 1979) could have been a consequence of chromosome breakage. The phenomenon of chromosome fragmentation during the squash constitutes a serious problem concerning the reliability of the counts in Oligochaeta and Rhaponticum. It is especially true in the case of species showing acrocentric and telocentric chromosomes [in Rhaponticum australe (Gaudich.) Soskov, for example; Fig. 16 ], which could in fact result from chromosome fragmentation. Nevertheless, it is interesting from an evolutionary perspective, as it indicates, were this the case, that fusion events occurred recently in evolutionary time.
Our results confirm those of Löve & Löve (1961 ), Cantó (1982 , 1984 , 1985 , and Garcia-Jacas et al. (1998a, b) in establishing a constant chromosome base number of x = 15 for Klasea. Contrary to the Rhaponticum group, Klasea shows various ploidy levels, mostly diploid and tetraploid (Table 1) , although polyploidy exists up to the hexaploid level in some species in the Iberian Peninsula (Cantó, 1982 (Cantó, , 1985 . The occurrence of polyploidy in Klasea but not in the Rhaponticum group could be explained in part by a difference in their hybridization potential. Klasea species show overlapping areas of distribution where interspecific hybrids are documented (Wagenitz, 1955) , whereas Rhaponticum and its relatives are mainly endemics with restricted areas and isolated populations, which do not favour hydridization and resulting allopolyploidy events.
LOCATION OF CHANGES IN CHROMOSOME BASIC NUMBERS DURING THE EVOLUTIONARY HISTORY OF RHAPONTICUM AND ITS RELATIVES
A hypothesis of the direction of chromosome number evolution, as well as the location of those changes in the evolutionary history of the studied group, can be inferred through the mapping of chromosome reports on the phylogenetic reconstructions. The number of Rhaponticum species and its relatives for which both reliable cytological and molecular data are available is at present sufficient for us to reach firm conclusions on the existence of a decreasing dysploid series from x = 15 to 12, coinciding notably with the phylogeny of these taxa Fig. 28) . Klasea, sister to the Rhaponticum group, presents the highest basic chromosome number of x = 15, whereas the early branching genera Centaurothamnus and Callicephalus show x = 14. In the more derived clades, x = 14 and 12 appear in Myopordon and Oligochaeta, respectively, and x = 13 and 12 in Rhaponticum. This illustrates another example within the Centaureinae that shows dysploidy as one of the main mechanisms of chromosomal evolution, reported previously in Centaurea L. (Fernández Casas & Susanna, 1986; Siljak-Yakovlev, 1986; Garcia-Jacas & Susanna, 1992; Garcia-Jacas et al., 1996) and in Carthamus (Vilatersana et al., 2000) . Our results confirm that most of the Rhaponticum species show x = 13. This number is uncommon within the Centaureinae and, apart from Rhaponticum, is known only for Plectocephalus D. Don (Hellwig, 1994) , Stizolophus Cass. (Chouksanova et al., 1968; Tonjan, 1968; Bakhshi Khaniki, 1996; Garcia-Jacas et al., 1998b; Ghaffari, 2001) and Volutaria crupinoides (Desf.) Maire (Oberprieler & Vogt, 1993; Hellwig, 1994) . The molecular phylogeny established by Hidalgo et al. (2006) shows a polytomy consisting of two clades of Rhaponticum species and the Myopordon plus Oligochaeta clade (Fig. 28) . Decreasing dysploidy suggests that x = 14 is more ancient than x = 13. This implies that Myopordon and Oligochaeta, which exhibit mostly x = 14, emerged before Rhaponticum in the evolutionary history of the group, and that the two main clades of Rhaponticum species, which share mainly x = 13, are sisters and constitute a monophyletic genus. As a matter of fact, the karyological data could provide an answer to help resolve the more vexing question of polytomy, which molecular reconstruction has failed to solve.
In the case of x = 12, which is the most recent basic chromosome number in the decreasing dysploid series, its occurrence in Oligochaeta divaricata and Rhaponticum carthamoides, two taxa not closely related in the phylogeny (Fig. 28) , suggests convergent evolution. Regarding this number, one of the most interesting results of this study is the manifestation of recent chromosome fusions in Oligochaeta divaricata. Basic chromosome numbers of x = 14 for Oligochaeta ramosa and x = 12 for Oligochaeta divaricata imply strong dysploidy within the genus, which exhibits at the same time the highest and the lowest chromosome numbers of the Rhaponticum group. Unfortunately, there is no information about the chromosome number of the three other species of the genus Oligochaeta. Furthermore, the two annual genera studied, Callicephalus and Oligochaeta, show x = 14 and x = 14 and 12, respectively. Such a difference cannot be interpreted in terms of a difference in their life cycle (both are annual), their breeding system (they are autogamous; Wagenitz & Hellwig, 1996 for Callicephalus; Hellwig, 2004 for Oligochaeta), nor their environmental conditions (which are not radically different). The 
